The organization and number of microtubules (MTs) in a cell depend on the proper regulation of MT nucleation. Currently, the mechanism of nucleation is the most poorly understood aspect of MT dynamics. XMAP215/chTOG/Alp14/Stu2 proteins are MT polymerases that stimulate MT polymerization at MT plus ends by binding and releasing tubulin dimers. Although these proteins also localize to MT organizing centers and have nucleating activity in vitro, it is not yet clear whether these proteins participate in MT nucleation in vivo. Here, we demonstrate that in the fission yeast Schizosaccharomyces pombe, the XMAP215 ortholog Alp14 is critical for efficient MT nucleation in vivo. In multiple assays, loss of Alp14 function led to reduced nucleation rate and numbers of interphase MT bundles. Conversely, activation of Alp14 led to increased nucleation frequency. Alp14 associated with Mto1 and g-tubulin complex components, and artificially targeting Alp14 to the g-tubulin ring complexes (g-TuRCs) stimulated nucleation. In imaging individual nucleation events, we found that Alp14 transiently associated with a g-tubulin particle shortly before the appearance of a new MT. The transforming acidic coiled-coil (TACC) ortholog Alp7 mediated the localization of Alp14 at nucleation sites but not plus ends, and was required for efficient nucleation but not for MT polymerization. Our findings provide the strongest evidence to date that Alp14 serves as a critical MT nucleation factor in vivo. We suggest a model in which Alp14 associates with the g-tubulin complex in an Alp7-dependent manner to facilitate the assembly or stabilization of the nascent MT.
In Brief
Microtubules are dynamic polymers that help to organize cellular contents and divide the cell. New microtubules arise by a process of nucleation, in which tubulin subunits are stitched together to begin forming a hollow tube. Flor-Parra et al. identify XMAP215/Alp14 as a nucleation factor that facilitates the assembly of the microtubule.
INTRODUCTION
Microtubules (MTs) are hollow tubules of ab-tubulin responsible for cellular processes such as chromosome segregation, nuclear positioning, cytokinesis, cell migration, and membrane transport. Regulation of MT nucleation underlies the spatial distribution and density of MTs in the cell. The molecular mechanism of MT nucleation remains one of the most poorly understood aspects of MT regulation. The g-tubulin ring complex (g-TuRC) has been identified as a key MT nucleation factor [1, 2] . Current models suggest that this complex acts as a template for the formation of the a/b-tubulin MT [1, 3] . However, by themselves, purified g-tubulin complexes have low activity in vitro [1, 4] , suggesting that additional factors are needed for full nucleation activity. A current priority in the MT nucleation field is to identify and characterize additional nucleation factors. Nucleation activators may induce conformational changes within the g-tubulin complex to bring the g-tubulins into the proper configuration to template the MT [5] . Nucleation may also be stimulated in principle by other factors that promote the addition and stabilization of a/b-tubulin dimers onto the g-tubulin ring.
XMAP215/chTOG/Alp14/Stu2 family proteins are conserved MT regulatory proteins, which have been generally implicated as MT polymerases that associate with growing MT plus ends and increase polymerization rates [6, 7] . These proteins contain multiple TOG domains that bind tubulin dimers and other regions that mediate binding to the MT lattice [7] [8] [9] . Current models suggest that these proteins bind and release tubulin dimers into the MT lattice at the growing plus end to promote MT polymerization [6, 7, 10, 11] . Recent studies defined the roles of XMAP215 and TACC orthologs at the kinetochore during mitosis [12, 13] . In addition to their localization at MT plus ends, early studies also found that XMAP215 family proteins also localize to MT organizing centers (MTOCs) and associate with TACC proteins, which are implicated in MT nucleation [14, 15] . However, the function of XMAP215 at MTOCs remains unclear. Purified XMAP215 and Alp14 exhibit MT nucleation activity in vitro even by themselves [16] [17] [18] , although the biological relevance of these observations has been questioned, as they could reflect artifacts of in vitro conditions. In vitro, XMAP215 also stimulates growth of MTs from MT seeds and centrosomes [16, 19] . In general, whether XMAP215 orthologs function in MT nucleation in vivo remains to be established.
The fission yeast Schizosaccharomyces pombe is a potent model for studying MT nucleation because of its simple MT cytoskeleton, genetic tractability, limited number of regulators, and amenability to assays of individual nucleation events. In fission yeast, MTs are nucleated from MTOCs at the spindle pole body (SPB), equatorial division site (eMTOC), nuclear envelope, and pre-existing MT bundles [20] . Efficient nucleation requires components of the g-TuRC and the proteins Mto1 and Mto2, which may recruit and activate g-TuRCs at cytoplasmic MTOCs [20, 21] . MTs in cytoplasmic bundles are often nucleated by g-tubulin complex-containing particles termed ''satellites,'' which reside on interphase MTs and occasionally nucleate an MT that incorporates into the pre-existing MT bundle [20, 22, 23] .
Fission yeast has two orthologs of XMAP215: Alp14 and Dis1. alp14 null mutants are viable but display spindle defects and contain fewer interphase MT bundles, with MTs that grow about half as rapidly as MTs in wild-type cells [24, 25] . Alp14 tracks MT plus ends in vivo [25] . Purified Alp14 tracks MT plus ends in vitro and stimulates MT polymerization rate by 2-to 3-fold [18, 25] . In contrast, Dis1 does not appear to track MT plus ends and does not affect the dynamics of interphase MTs [25, 26] . As with other Mean and SD from two independent experiments are shown. Note that the wild-type (blue) and mal3D (green) curves overlap.
(D) alp14D germinating spores lack interphase MTs during the first cell cycle. Wild-type and alp14D spores expressing GFP-tubulin were placed on rich medium at 30 C at time 0 to initiate germination, and were imaged at the indicated times. All wild-type cells formed cytoplasmic interphase MT bundles after 2 hr, whereas none of the alp14D spores did so in the first cell cycle (asterisks) until after the mitotic spindle formed (yellow arrow). Scale bars, 5 mm.
XMAP215 orthologs, previous studies of Alp14 focused on its function as a polymerase [18, 25] . Here, we investigated the role of Alp14 in MT nucleation. Genetic phenotypes revealed that a primary cytoplasmic function of Alp14 is MT nucleation. We found that Alp14 associates with components of the g-tubulin complex, and that increasing the affinity of Alp14 to this complex increases the nucleation frequency. Further, Alp14 is recruited transiently at sites of MT nucleation by the TACC Alp7, promoting efficient MT nucleation. These findings establish the significance of Alp14/XMAP215 and its interacting protein Alp7/TACC in MT nucleation in the context of a living cell.
RESULTS
alp14D Mutants Are Defective in Microtubule Nucleation Fission yeast cells lacking Alp14 (alp14D) display fewer interphase MT bundles [18, 25] . To investigate the decrease in MT bundle number, we measured the effect of Alp14 on MT nucleation rates using four assays.
First, we performed a standard nucleation assay in which we assayed MT regrowth after depolymerization by cold treatment [27] . When wild-type cells were chilled on ice and then returned to 30 C, MTs reappeared within 30 s, with the full MT cytoskeleton restored by 5-10 min ( Figures 1A-1C ) [27, 28] . alp14D cells showed a delay in MT regrowth, similar to that displayed by the MT nucleation mutant mto1D ( Figures 1A-1C ) [29] . In contrast, cells deleted for the MT plus-end protein mal3 (EB protein) exhibited no delay ( Figures 1A-1C ). These initial observations suggest a role of Alp14 in MT nucleation.
Second, we observed that alp14D cells have a strong defect in MT formation in germinating spores ( Figure 1D ; Video S1). In wild-type spores, MTs were initially not apparent, and assembled 1-2 hr after hydration of the spore during the first interphase after germination (21/21 cells; Figure 1D ). At 4-6 hr, the cells exhibited polarized growth, entered mitosis, formed a mitotic spindle, and divided. In alp14D germinating spores, none of the interphase cells (0/19 cells) exhibited cytoplasmic MTs in the first cell cycle ( Figure 1D ). However, the mutants assembled spindle MTs in the nucleus during the first mitosis and displayed interphase MTs in subsequent generations ( Figure 1D ). Thus, alp14D mutants are strongly defective in MT nucleation in the first cell cycle. It is possible that in subsequent cell cycles, cytoplasmic MTs are seeded by MTs nucleated from inside the nucleus [29] or from other MTOCs in an alp14-independent manner. Third, to test whether Alp14 exerts a direct or indirect effect on MT nucleation, we generated a temperature-sensitive allele of alp14 to control its activity (STAR Methods). The alp14-11 allele contains two point mutations in the TOG2 domain (C350R and K525T) and one point mutation in the serine-lysine (SK)-rich region (E568G). Cells harboring this temperature-sensitive allele as the only copy of Alp14 displayed wild-type interphase MT behavior at the permissive temperature of 25 C and recapitulated a defective MT phenotype like that of alp14D cells at the restrictive temperature of 36 C ( Figure S1A ). Upon inactivation of Alp14, MT bundles were lost progressively in the first 2.5 min (Figures 2A and 2B) . Conversely, when cells were temperature shifted to activate Alp14, the wild-type distribution of interphase MT bundles was restored in $3 min (Figures  2A and 2B ). Temperature shifts did not affect the MT cytoskeleton in wild-type cells ( Figures 2B and S1B ). Time-lapse imaging revealed that many new bundles arose from apparent MT nucleation events in the cytoplasm ( Figure 2C ). The rapid timing of these responses suggests that the reactivation of Alp14 directly stimulates the formation of new MT bundles.
Fourth, we quantitated the frequency of MT nucleation using a truncated Mto1 (131-549) construct, Mto1-[bonsai] [21] . This construct is not targeted to MTOCs, and thus promotes nucleation events in the cytoplasm that are less ambiguous to score than ones occurring at established MTOCs and pre-existing MTs normally seen in wild-type cells. Using this system, we visualized events in which an MT grew from an isolated dot of Mto1-[bonsai]-GFP ( Figure 2D ). In wild-type (alp14 + ) cells, MTs were nucleated at a frequency of 0.26/min ± 0.02, whereas in alp14D cells, nucleation was 5-fold lower (0.05/min ± 0.01; Figure 2D ).
Together, these four assays show that the loss of Alp14 activity leads to a significant decrease in MT nucleation of cytoplasmic MTs, and that activation of Alp14 immediately increases nucleation frequency.
Alp14 Localizes to Sites of MT Nucleation and Interacts with the g-Tubulin Complex
Next, we tested whether Alp14 is present at sites of MT nucleation. In addition to MT plus ends, Alp14-GFP co-localized with g-tubulin complex proteins Alp4 and Mto1 at the MTOCs at the SPB and the nuclear envelope and eMTOC at the cell-division site ( Figures 3A and S2A) . Thus, like other XMAP215 family members [14] , Alp14 localizes to MTOCs.
We next examined whether Alp14 physically interacts with the g-tubulin complex. Mto1, Alp4, and g-tubulin co-immunoprecipitated with Alp14 from yeast extracts ( Figure 3B ). In cells treated with methyl benzimidazol-2-yl-carbamate (MBC) to depolymerize MTs, Mto1 and Alp14 co-localized in discrete cytoplasmic clusters ( Figure 3C ). A subset of these clusters contained tubulin and may represent stable MT stubs, as previously shown [28, 30] ; however, many Alp14 clusters lacked detectable tubulin (Figure S2B) , and therefore may represent a cluster of Alp14 and other MTOC components in the absence of MTs.
Alp14 also shows genetic interactions with components of the g-tubulin complex. Double mutants showed that alp14D displayed synthetic phenotypes with mutants in g-TuRC components and mto1 in terms of viability, sensitivity to MT inhibitors, and effects on MT bundles ( Figure S3 ). These results together suggest that Alp14 associates and functions with the g-tubulin complex in MT nucleation.
Alp14 Transiently Associates with the g-Tubulin
Complex during Nucleation We next tested whether Alp14 associates with the g-tubulin complex in individual MT nucleation events. Commonly, visualization of MT nucleation in MTOCs is limited by the clustering of many g-tubulin complexes and nucleation events in one structure. In fission yeast, however, we can image individual nucleation events at discrete g-tubulin-containing particles on interphase MTs. Many of these satellites appear inactive for nucleation, as only a subset of these particles is active for MT nucleation at any point [22] . Alp14-GFP associated with only a subset of Mto1-mTomato particles on MTs ( Figure 4A ). Time-lapse imaging revealed that Alp14 associates only transiently with Mto1 particles. Notably, Alp14-GFP arrived at an Mto1-mTomato particle consistently 20 ± 5 s before an MT plus end grew ( Figures 4B-4E ). During this 20 s dwell time period, the fluorescence intensities of Alp14 and Mto1 remained relatively constant ( Figure 4C ). We observed some cases in which Alp14 left the nucleation site with the growing MT plus end, whereas in others it stayed associated with both the MT plus and minus ends. This transient association of $20 s is notable, as it may represent a step of MT nucleation that occurs prior to MT elongation. Similar lag times have been observed during nucleation events in vitro [19] .
Targeting Alp14 to the g-Tubulin Complex Increases MT Nucleation Frequency Our observations suggest a working model in which Alp14 functions with the g-tubulin complex to promote MT nucleation. The transient association between Alp14 and the g-tubulin complex prior to MT elongation indicates that Alp14 binding may be a rate-limiting step in activating MT nucleation. Thus, we hypothesized that increasing the affinity of Alp14 for the complex would increase the rate of MT nucleation. To test this prediction, we used a system that promotes protein-protein interactions via GFP and the GFP-binding protein (GBP) [31] . We expressed Alp14-GBP-mCherry (at below wild-type levels; Figure S4 ) with Mto1-[bonsai]-GFP. Cells also expressed endogenous Alp14 so that they could continue to grow and divide. These fusion proteins localized in cytoplasmic dots that mostly co-localized (Figure S5A) . Using the Mto1-[bonsai]-GFP nucleation assay, we found that Alp14-GBP increased nucleation frequency by 56% over alp14 + cells (0.42/min ± 0.02 versus 0.27/min ± 0.02; Figure 4F ). Controls indicated that this increase in MT nucleation was dependent on the presence of the GFP and GBP fusions ( Figure 4F ).
To test whether the association of Alp14 with the g-tubulin complex component Alp4 also promotes nucleation, we co-expressed Alp4-GFP and Alp14-GBP-mCherry at endogenous levels as sole copies of these genes ( Figure S5B ). In this strain, Alp4-GFP was present in multiple foci that were of similar intensity as the SPB and were localized on cytoplasmic MTs often near the nuclear envelope in interphase cells (Figures S5B-S5D ). Although one of these foci represented the SPB, additional ones are likely to be non-SPB foci not normally seen in wild-type cells. Kymographs revealed a significant increase in the frequency of MTs growing out of the foci ( Figure S5B ). Co-expression of Alp14-GBP-mCherry and Mto1-GFP also produced multiple foci associated with MTs ( Figure S5C ). Thus, the forced association of Alp14 with Mto1 and Alp4 led to the formation of multiple highly active MTOCs and increased nucleation rates. Taken together, these findings demonstrate that the physical association of Alp14 with the g-tubulin complex stimulates MT nucleation.
Regions of the Alp14 Protein Required for MT Polymerization and Nucleation
To begin testing the mechanisms of Alp14 in MT nucleation and polymerization, we analyzed a set of Alp14 truncation alleles ( Figure 5A ) [32] . These truncations disrupt specific domains or regions of Alp14: (1) TOG1 and TOG2 domains, (2) a medial SK-rich domain that contributes to MT lattice binding, (3) a coiled-coil (CC) domain that may contribute to homo-dimerization, and (4) the C-terminal region (CT) that contributes to the Alp7 interaction. These mutant alleles replace the endogenous alp14 + gene, and are expressed from the endogenous promoter as the only Alp14 in the cell [32] . The effects of such Alp14 (and Stu2) mutant proteins on in vivo MT polymerization and nucleation rates have not been reported previously.
We measured the growth rates of interphase MTs in these alp14 truncation mutants ( Figure 5B ). alp14D mutants exhibited a 2-fold decrease in interphase MT elongation rates relative to wild-type alp14 + cells ( Figure 5B ) [25] . We detected similar decreases in MT elongation in alp14 TOG2D, TOG1DTOG2D, and SKD truncations, as well as in cells carrying truncations of the C-terminal domains ( Figure 5B ). The TOG1D allele showed a smaller reduction in MT polymerization that was not statistically significant ( Figure 5B ). The ability of these proteins to localize to MT plus ends was maintained in TOG1D, TOG2D, and TOG1D TOG2D proteins. Localization was partially lost in cells with truncations lacking the coiled-coil domain or the SK domain, and was lost in cells with C-terminal truncations ( Figure S6A ).
We next assayed for MT nucleation in these truncation mutants by measuring the frequency of nucleation events from Mto1-[bonsai], MT regrowth after cold treatment, and the steady-state number of interphase MT bundles ( Figures 5C,  5D , S6B, and S6C). These assays showed that nucleation occurred at wild-type frequencies in TOG1D, TOG2D, and SKD strains but was decreased in TOG1DTOG2D and the C-terminal mutants. Thus, nucleation activity requires one of the TOG domains and the C-terminal region. In summary, the general trend suggests a rough correlation between MT nucleation and polymerization activities. However, Alp14-TOG2D and Alp14-SKD proteins were significantly more deficient in MT elongation than in MT nucleation, which suggests that nucleation is less sensitive to loss of Alp14, or that polymerization and nucleation represent separable but related functions.
TACC Alp7, an Alp14-Interacting Protein, Functions with Alp14 for MT Nucleation but Not Growth The TACC ortholog Alp7 (also known as Mia1) is a well-characterized binding partner of Alp14 [33] . In general, TACCs are localized at centrosomes, spindles, and kinetochores, and participate in spindle assembly [15] . In fission yeast, the TACC ortholog Alp7 is localized to SPBs and kinetochores, and the role of the Alp7-Alp14 complex at these sites during mitosis has been well characterized [32, 34, 35] . However, the function of Alp7 in MT regulation remains controversial. It has been reported that the alp7D mutant has a defect in MT bundling but not in nucleation [36, 37] , whereas another report suggests that Alp7 stimulates MT polymerization in vivo and in vitro [18] .
We found that alp7D mutants exhibited a defect in MT nucleation but not MT polymerization. Reminiscent of mto1 and g-tubulin complex mutants [29, [38] [39] [40] , interphase MT bundles in alp7D mutant cells were decreased in number and often extra long so that they curled around the cell tips ( Figure 6A ; although the extent of this MT curling was less than in mto1 mutants). This phenotype was different from that of an alp14D mutant, which did not exhibit such long curly MT bundles ( Figure 6A ). MTs in alp7D cells grew at wild-type rates ( Figure 6B) , in contrast to a recent report that alp7D mutants have an MT growth defect [18] ; the difference between the two studies is not known, but may be due to strain or experimental differences. Recovery from cold treatment of alp7D cells revealed a large delay in MT recovery, similar to alp14D mutants ( Figure S7A ). In the Mto1-[bonsai] nucleation assay, nucleation frequencies in alp7D mutants (0.070/min ± 0.011) were similar to those of alp14D cells (0.051/min ± 0.010), and significantly lower than those of wildtype cells (0.269/min ± 0.016) ( Figure 6C ). Thus, Alp7 and Alp14 are both required for efficient cytoplasmic MT nucleation but, in contrast to Alp14, Alp7 is not required for optimal MT polymerization.
We tested whether Alp7 and Alp14 function in the same genetic pathway by analyzing properties of the double mutant alp14D alp7D. This double mutant had phenotypes similar to those of the single alp14D mutant, including growth rate (Figure S7B ) [33] , distribution of interphase MTs and MT growth rates ( Figures 6A and 6B) , and MT nucleation frequency (0.057/min ± 0.008) ( Figure 6C ). This epistatic relationship suggests that Alp7 and Alp14 function together in MT nucleation, and do not, for instance, operate in parallel pathways.
Alp7 Brings Alp14 to Sites of MT Nucleation
We sought to determine whether Alp7 mediates Alp14 localization to MTOCs. It has been previously shown that Alp7 is necessary for the localization of Alp14 to the SPB, and that the localization of Alp7 at SPBs is independent of Alp14 [33] . We found that Alp7 co-localized with Mto1 at SPBs, the eMTOC, and a subset of satellites ( Figures 6D and 6E) . In alp7D mutant cells, Alp14-GFP was not detectable at multiple MTOCs but still tracked growing MT plus ends ( Figures 6F, 6G, and S7C) . Moreover, Alp14-GFP did not form cytoplasmic clusters in alp7D cells treated with MBC ( Figure S7D ). In time-lapse analyses of individual nucleation events, in contrast to wild-type cells, in which Alp14 transiently associated with the nucleation site 20 s before MT outgrowth ( Figures 4C and 4D) , in alp7D cells, Alp14 did not (E) Mto1-Tomato and Alp7-GFP co-localize at a subset of satellites (white arrows), and also form dots that do not co-localize (red and green arrows, respectively). Alp4 marks an SPB, whereas Alp14-GFP dots emanate from the SPB in rare MT nucleation events (arrows). These Alp14 moving dots are likely to be at growing MT plus ends (as shown in G), as they move at the speed of MT polymerization. In contrast to wild-type cells (Figure 4) , in alp7D mutants, Alp14 does not associate with the SPB prior to outgrowth of the MT. Scale bars, 5 mm. See also Figure S7 . exhibit this dwell period and only appeared on the growing MT plus end (18/ 18 nucleation events; Figure 6H ). These findings suggest that in the absence of Alp7, Alp14 is not loaded at the MTOC during the initial nucleation phase but binds subsequently to the growing plus end after the MT has been formed. This localization behavior of Alp14 in alp7D cells is consistent with the observed defects in nucleation but not MT polymerization. Thus, the phenotype in the alp7D mutant reveals the separable roles of Alp14 in MT nucleation and polymerization.
We hypothesized that the primary function of Alp7 is to recruit Alp14 to the MT nucleation site to stimulate nucleation. Immunoprecipitations showed that the biochemical association of Alp14 with Alp4 was strongly impaired in the alp7D strain ( Figure 7A ). Our hypothesis further predicts that artificially targeting Alp14-GBP to Mto1-GFP would bypass the need for Alp7 in MT nucleation. Similar to the assay described in Figure 4E , we ectopically expressed Alp14-GBP or untagged Alp14 in cells expressing Mto1-[bonsai]-GFP in alp7D cells ( Figure 7B) . Expression of Alp14-GBP produced a 2-fold increase in nucleation frequency (0.13/min ± 0.02; Figure 7C ) as well as an increase in the number of MT bundles per cell versus the Alp14 control without GBP (Figure 7B) . Similarly, Alp14-GBP induced MT formation in alp7D cells expressing Mto1-[bonsai]-GFP after cold treatment: cells were filled with many short MTs within 1 min of temperature shift ( Figure 7D ), although these MTs often shrank before reaching full length. Thus, the artificial association of Alp14 with Mto1 partially suppresses the requirement of Alp7 for MT nucleation.
Together, these findings lead to a model in which Alp7 recruits Alp14 to the nucleation site for efficient MT nucleation. In the absence of Alp7, Alp14 is not recruited initially to the nucleation site, and thus nucleation efficiency is reduced; however, Alp14 can still associate with the growing MT plus end of the mature MT to promote MT polymerization. Thus, Alp7 may facilitate a specific role of Alp14 in promoting MT nucleation.
DISCUSSION
In this study, we show that Alp14, an XMAP215 family member, is an MT nucleation factor that functions with the g-tubulin complex in vivo. Loss of Alp14 function led to a decrease in MT nucleation rate in a variety of assays; most impressively, alp14 null mutants completely lacked cytoplasmic MTs in the first cell cycle after spore germination (Figure 1 ). Nucleation defects may explain the predominant MT defects in alp14 mutants.
Conversely, activation of a conditional Alp14 mutant led to the assembly of many new MT bundles within minutes ( Figure 2 ). Co-localization, biochemical, and genetic data demonstrated that Alp14 interacts with the g-tubulin complex, and that this association may be independent of MTs ( Figures 3 and 4) . Artificially forcing this association increases MT nucleation frequency (Figures 6 and 7) . Together, these findings constitute the strongest evidence to date that an XMAP215 family member functions with the g-tubulin complex in MT nucleation in vivo.
How XMAP215/Alp14 and the g-tubulin complex work together to nucleate an MT remains unclear. Our data show that at least one of the TOG domains and the C-terminal region of Alp14 are needed for nucleation ( Figure 5 ). Numerous models for nucleation can be imagined. First, Alp14 could initiate nucleation by increasing the local concentration of tubulin dimers and stabilizing tubulin oligomers. In this scenario, instead of a nucleator, the g-tubulin complex could act primarily as a stabilizer of the minus end. Second, Alp14 could help to insert and/or stabilize a/b-tubulin dimers onto the g-tubulin ring template. Third, Alp14 could insert and/or stabilize a/b-tubulin dimers onto other a/b-tubulin molecules on the incipient MT. Fourth, Alp14 could also contribute to conformational changes in the g-tubulin complex that activate it [1] . More detailed understanding of the nucleation process will be needed to test these different possibilities.
Our findings here clarify the function of TACC Alp7. Our data indicate that a primary role of Alp7 is in MT nucleation, and that it may be responsible for bringing Alp14 to MTOCs ( Figures  6 and 7) . In alp7D cells, Alp14 does not localize to MT nucleation sites, and the rate of nucleation in alp7D cells is similar to that of alp14D cells; however, Alp14 is still able to localize to MT plus ends and stimulate polymerization. Alp7 was partially bypassed by artificially linking Alp14 to elements of the g-tubulin complex ( Figures 7C and 7D ), supporting a model in which the main role of Alp7 is to bring Alp14 close to the nucleation site. This nucleation-specific defect of alp7D cells shows that nucleation and polymerization may represent distinct functions for Alp14.
This work provides new molecular insights into the mechanism of MT nucleation. A recent study of MT nucleation in vitro reported that the process is kinetically unfavorable, requiring minutes before steady-state elongation begins, but that addition of XMAP215 reduces this time lag [19] . We propose that MT nucleation follows a timeline composed of a series of steps in which MT-associated proteins modulate the timing of these events. In analyses of individual nucleation events in fission yeast, most g-tubulin complexes contain the activators Mto1 and Mto2 but appear to be inactive [21, 22] . We found that the formation of MTs at these foci is preceded by the arrival of Alp14 at the site $20 s before MT elongation (Figure 4) . Notably, in alp7 mutants with reduced nucleation frequency, this Alp14 dwell period no longer occurs ( Figure 6H ). We speculate that Alp14 contributes to a step(s) in nucleation during this 20-s period to promote the assembly of the new MT. For instance, this period could represent the time of loading of a/b-tubulin dimers onto the g-tubulin complex. More broadly, this finding is the first indication of a discrete timeline for MT nucleation in vivo.
The function of XMAP215 and TACC proteins in MT nucleation is likely to be conserved. XMAP215 and TACC proteins localize to centrosomes in animal cells [14, 15] . Early studies reported that XMAP215 is needed for nucleation in Xenopus extracts and, when coupled to beads, can generate MT asters in a g-tubulin-dependent manner [16, 41] . Titration of XMAP215 activity has been shown to set spindle length and mass in Xenopus extracts [42] . In a recent study concurrent with this one, XMAP215 was shown in extracts and with purified proteins to stimulate MT nucleation synergistically with g-tubulin complex (g-TuC) and associate with the complex [43] . XMAP215 stimulates nucleation synergistically with TPX2 in vitro [44] . A recent paper indicated that condensates of SPD-5 recruit XMAP215 and TPX2 that concentrate tubulin and reconstitute MT aster formation even in the absence of g-tubulin [45] .
In conclusion, our study demonstrates that XMAP215/Alp14 proteins should not only be regarded as polymerases but also as important components of the MT nucleation machinery. In fission yeast, this nucleation function is the major in vivo function of Alp14. These proteins may be somewhat analogous to formins, which both nucleate and promote the polymerization of actin filaments by locally increasing the concentration of actin monomers [46] . Further study of XMAP215, TACC, and the g-TuC will reveal fundamental mechanisms responsible for MT nucleation and its regulation.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experiments were performed using Schizosaccharomyces pombe yeast strains listed in Table S1 .
Culture conditions
Standard methods for S. pombe growth and genetics were used [47] . Cells were typically grown in exponential phase in liquid YE5S medium at 25 C with shaking for 18-24 hr. Methyl benzimidazol-2-yl-carbamate (MBC) was dissolved in dimethyl sulfoxide to make a 10 mg/mL stock solution. Geneticin (G418) was dissolved in pure water (Sigma-Aldrich #W4502) to make a 50 mg/mL stock solution. ClonNAT was dissolved in pure water (Sigma-Aldrich #W4502) to make a 200 mg/mL stock solution.
METHOD DETAILS

Strain construction
In general, strains were constructed using a PCR-based homologous recombination method to insert markers into the yeast chromosome [48] . Constructs were checked via PCR and sequencing, and strains were outcrossed at least three times. Double mutants were generated by tetrad analyses For the extra copy of Alp14-GBP-mCherry (Figures 4, 7 , S3, and S4), we amplified GBP-mCherry-hph with primers Alp14-CTag-FW and Alp14-CTag-RV from the plasmid pJM559: pMS-GBP-mCherry-hph (a gift from Dr. James Moseley) and integrated in the endogenous locus of alp14 using a PCR-based homologous recombination method [48] . Primers Alp14_-400_F and Alp14_+100_R were used to generate an amplicon containing 400 bp of DNA upstream of the ATG of alp14 and 100 bp downstream of the end of the sequence encoding GBP-mCherry-hph. This amplicon was digested with XmaI and SalI and cloned into the integrative plasmid pJK148 [49] . The resulting plasmid was digested and integrated into an alp14 + strain (FC420) and backcrossed three times. Figure S3 depicts the localization, behavior, and relative expression levels of both constructs. Note that the expression of the exogenous Alp14-GBP is 4-fold lower than that driven by the endogenous locus. The same strategy was used to generate a strain harboring an extra copy of wild-type Alp14 using genomic DNA of the wild-type strain FC421 as template.
Generation of alp14-ts Alleles
Template DNA for mutagenizing PCR containing 400 bp of DNA upstream and 100 bp of DNA downstream of the Alp14-GFP-KanMX cassette was amplified from genomic DNA from strain FC1907 using primers Alp14_-400_F and Alp14_+100_R and cloned into the pGemT-easy vector (Promega #A1380). Random mutagenesis by PCR using BioTaq DNA polymerase (Bioline) in decreased dATP C and 36 C, and colonies displaying impaired growth at 36 C but not 25 C were isolated. Mutations were analyzed via DNA sequencing of alp14. Candidate alleles were amplified and integrated in strain FC421, and genetic crosses with strain FC2342 confirmed that mutant phenotypes were linked to these mutations. To remove the GFP-KanMX cassette, we generated a strain with the NatMX marker 123 bp downstream of alp14 (out of the 3 0 UTR) through homologous recombination using the primers Alp14-3UTR-Tag-FW and Alp14-3UTR-TagRV. Genomic DNA from this strain was amplified by PCR with the primers Alp14-3UTR-Check-FW and RV and used to make a marker switch in the strain containing the alp14-11-GFP-KanMX.
Imaging S. pombe Cells For live cell imaging, cells were typically grown in exponential phase in liquid YE5S medium at 25 C with shaking for 18-24 hr. In some experiments, cells were mounted in liquid YE5S medium directly on glass. For long-term imaging, cells were placed on micro-slide wells (Ibidi #80821) coated with soybean lectin (Sigma #1395). Spores were mounted on 1% agarose YE5S pads under a glass coverslip.
Images were generally acquired using a spinning-disk confocal fluorescence NikonTI-based microscope system (Nikon Instruments, Yokagawa, Solamere Technology) with an EM CCD camera (Hamamatsu Corp.) and a 100X 1.4 N.A. objective, or with a spinning-disk confocal microscope (IX-81; Olympus; CoolSnap HQ2 camera) with a Plan Apochromat 100 3 1.4 NA objective (Roper Scientific). A wide-field Nikon Eclipse 800 microscope with a 60X 1.4 N.A. objective was used for some studies. Temperature was stably controlled in the room during imaging at 25 C unless otherwise indicated. For MT regrowth ( Figures 1A, 7D , S5B, and S6A), cells were chilled in Eppendorf tubes in an ice-water slurry for 30 min and then shifted to a shaking water bath at 25 C. Samples were rapidly fixed in 100% methanol at À80 C and later washed with phosphatebuffered saline for fluorescence microscopy. To quantify MT nucleation frequency in various mto1 strains ( Figures 2D, 4F , 5C, 6C, and 7C), movies of mCherry-Tubulin in cells were examined and MT nucleation events were scored [21] .
To study germinating spores ( Figure 1D ), cells of opposite mating types (FC1971 and FC2322) were mated on Malt Extract plates. The resulting asci were digested with 0.6% b-glucuronidase (Sigma#G4259)/dH 2 O solution and incubated for 12 hr at 30 C. Spores were germinated on 1% agarose pads with selective media.
alp14-11 thermo-sensitive cells (Figures 2 and S1 ) were grown at 25 C and placed in an FCS2 chamber (Bioptechs) coated with soybean lectin (Sigma #L1395). An objective heater (Bioptechs) was used for temperature control during imaging. For counting MT bundles (Figures 2A, 2B , and S1B), cells were grown at 25 C (or 36 C) and placed in a shaking water bath at 36 C (or 25 C). Samples for each time point were quickly fixed in 100% methanol at À80 C, and later washed with phosphate-buffered saline for fluorescence microscopy.
To quantify expression levels of Alp14-GBP-mCherry constructs ( Figure S3D ), cells (NF693 and NF751) were grown at 25 C and placed in an FCS2 chamber coated with soybean lectin. To determine the relative expression levels of Alp14-GBP-mCherry (endogenous locus) and pJK148-Alp14-GBP-mCherry (ectopic integration), we measured the fluorescence intensities of single dots and subtracted cytoplasmic background.
Co-immunoprecipitation and Immunpblotting
For co-immunoprecipitation ( Figures 3B and 7A ), cells were collected via centrifugation and bead-beaten at 4 C four times during 30 s in the FastPrep-24 (MP Biomedicals) in CoIP buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 0.1% NP-40, 1 mM phenylmethylsulfonyl fluoride, and complete protease inhibitor (Roche #04693132001)). The lysates were cleared by centrifugation at 13,000 rpm for 10 m at 4 C. Whole cell extracts were collected as supernatants, and protein concentration was determined by Bradford assay. Cell extracts (1-10mg) were incubated with 10 mL of Anti-GFP (0.4 mg/mL) for 1 hr at 4 C, and then 25 mL of anti-Dynabeads M-280 Sheep Anti-Mouse IgG (ThermoFisher) were added. Alternatively, GFP tagged proteins were inmunoprecipitated using GFP trapped magnetic agarose beads (Chromotek). Samples were incubated overnight with orbital rotation at 4 C. Magnetic beads were washed 6 times with Co-IP Washing Buffer (50 mM Tris-HCl, pH 7.5; 500 mM sodium chloride; 0.1% Nonidet P-40). Bound proteins were solubilized by the addition of 20 mL 2X Laemmli Sample Buffer (Biorad #1610737), incubated at 95 C for 10 min, run on gels using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted. Anti-Myc antibody (9E10, Santa Cruz), anti-GFP antibody (Roche), and anti g-tubulin antibody (T6557, Sigma) were used for immunoblotting.
Image Analysis and Measurement of Microtubule Dynamics
Image Z stacks were analyzed using ImageJ [50] .
For Alp14-GFP residence time at Mto1-Tomato satellites (Figure 4 ), time-lapse movies were taken every 2 s with 3 Z sections of 0.5 mm. Maximum intensity projections were used for generating kymographs.
For analyses of MT dynamics ( Figure 6B ), kymographs were constructed for each MT bundle. MT assembly and disassembly rates were measured as slopes in the kymographs of individual dynamic MTs, usually at the end of the bundle-facing cell tips. The number of MT bundles was counted manually from images with 13 stacks of 0.5 mm.
QUANTITATION AND STATISTICAL ANALYSIS
At least three independent biological replicates were performed for each experimental condition. n values are described in each figure (for MT bundles, MT regrowth, and MT nucleation experiments, n = number of cells; for MT growth rates, n = number of MTs). One-tailed unpaired Student's t tests were performed using Prism 5 (Graphpad). p values are described in each figure (***p < 0,0001, **p < 0,001, *p < 0,05, n.s. stands for not significant). Box-and-whisker plots depict boxplots with Tukey whiskers.
